. dTCF Is Similar to Vertebrate and C. elegans TCF Genes (A) Sequence comparison of dTCF (D) to C. elegans pop-1 (P) and human TCF-1E (H). Boxed sequences represent the minimal N-terminal ␤-catenin/Armadillo interaction domain and the DNA-binding HMG box. The two isoforms dTCF-A and dTCF-B differ in the second half of the HMG box of dTCF. The double box indicates a third homology domain, which contains the dTCF 1 mutation. ⌬*, the dTCF 2 single-base deletion (ATT to AT); U*, the CAA-to-TAA mutation in dTCF 3 . GenBank accession number: Y09125. (B) Diagrams comparing the structures of hTCF-1, the alternate splice forms of dTCF, and pop-1.
Maternal Expression of dTCF dTCF Physically Interacts with Armadillo
The N-termini of XTcf-3 and LEF-1 interact with the ArBy reverse transcription PCR, we demonstrated expression of dTCF at all stages of development. dTCF-A madillo repeat region of ␤-catenin (Behrens et al., 1996; Huber et al., 1996; Molenaar et al., 1996) . In the yeast mRNA was already found in embryos of 0-2 hr, indicative of maternal expression. dTCF-B was not expressed durtwo-hybrid system, repeats 3-8 of Armadillo interacted with amino acids 1-90 of dTCF ( Figure 4 ). Deletion of ing embryogenesis ( Figure 3A ). Whole-mount in situ hybridization revealed high levels of maternal mRNA in the N-terminal 31 amino acids of dTCF abrogated the interaction. Essentially identical data were obtained for early cleavage stage embryos ( Figure 3B ). At the end of germband extension, most tissues expressed high levthe interaction of Armadillo with XTcf-3. Certain mutations in the repeat region of Armadillo els of dTCF ( Figure 3C ). By the end of germband extension, embryos homozygous for a deletion removing eliminate its ability to transduce Wingless signals in vivo (Orsulic and Peifer, 1996a) . The effects of such mutadTCF and adjacent genes had lost their maternal dTCF mRNA ( Figure 3D ).
tions on Wingless signal transduction and on dTCF bind- The indicated ci D insertions were originally described by Locke and Tartoff (1994) . E, EcoRI.
ing correlated well. The arm S11 mutation, which deletes repeats 3-6 and eliminates Wingless signaling, completely blocked dTCF binding. The arm S12 and arm S6 mutations, which alter repeats 1 and 10-11, respectively, have only subtle effects on Wingless signaling in vivo. These two mutations did not affect dTCF binding.
Armadillo Is a Coactivator of dTCF-Driven Transcription
To determine the optimal DNA-binding site of dTCF, we performed PCR-based binding site selection using a fragment of dTCF spanning the HMG box. Sequencing of 36 selected binding motifs revealed the consensus and ␤-catenin were capable of coactivated transcription driven by dTCF. Similar levels of cotransactivation were observed for two mammalian TCF factors: human TCF-1 1). One lesion in the ci D chromosome maps within the and LEF-1. The C-terminus of ␤-catenin was necessary ci gene, while the other maps to the promoter of dTCF for the effect, whereas its N-terminus was dispensible ( Figure 2 ). l(4)17 is clearly equivalent to ci (Locke and ( Figure 5B ). We grafted the C-termini of ␤-catenin and Tartoff, 1994; Slusarski et al., 1995) . Mutants in l(4)13 of Armadillo onto a GAL4 DNA-binding domain and thus thus represented candidates for dTCF mutations. We demonstrated that these regions constitute genuine sequenced the dTCF gene in the only extant allele, transactivation domains ( Figure 5C ). l(4)13a (Hochman, 1971) , and found a single missense Genetic analyses of Armadillo have demonstrated that mutation (C to T; A374V) ( Figure 1 ). C-terminal truncation at amino acid 750 (mutant arm
S8

)
Transgenic lines carrying a dTCF-A cDNA under the leaves the signaling properties of Armadillo intact, while control of a heat shock promoter were generated. Flies truncation at amino acid 681 (mutant arm XM19 ) abrogates carrying the transgene did not display detectable phesignaling (Peifer et al., 1994b; Orsulic and Peifer, 1996a) . notypic abnormalities. Three independent lines were The observed coactivator activities of the deletion mutested for their ability to rescue homozygous l(4)13a tants correlated well with these genetically determined flies. l(4)13a/ey D flies carrying one or two copies of a signaling requirements ( Figure 5B ). These data, summagiven rescuing transposon were mated to each other rized in Figure 5D , underscore the model in which Wingand their progeny were examined ( Peifer and Wieschaus, 1990) . In the abdominal segments, most surviving cells chose denticle fates; there sometimes was a small amount of naked cuticle along the ventral midline. The head segments were relatively unaffected. These dTCF alleles behaved as genetic nulls: their phenotype did not become more severe when heterozygous with a deletion removing dTCF, Df(4)M62f (Figures 6C and 6E) . This was consistent with the observed molecular lesions. The dTCF zygotic null phenotype was not as severe as that of a null mutation in wingless ( Figure 6O ), presumably because of the substantial maternal contribution of dTCF. Our null alleles had a phenotype similar to that described for the other original dTCF allele, now lost (Wieschaus et al., 1984; E. Wieschaus, personal communication) . dTCF 1 homozygotes died primarily as first instar larvae; a few failed to hatch. They had a weak segment polarity phenotype ( Figure 6G ): regions of naked cuticle, both anterior and posterior to the normal denticle belt, were replaced by cuticle with denticles. The dTCF 1 phenotype resembled that of weak alleles of armadillo such as arm
S6
, which is mutated in the central arm repeats (Orsulic and Peifer, 1996a) . dTCF 1 behaved genetically as a hypomorph, as its phenotype became more severe ( Figure 6H ) over Df(4)M62f. The dTCF 1 phenotype was also more severe over ci D , consistent with a disruption of dTCF on the ci D chromosome ( Figure 6I ). In wingless mutants, engrailed expression comes on normally but fails to be maintained (DiNardo et al., 1988) . In a null dTCF mutant, engrailed expression was initiated normally, but the stripes of engrailed expression began to decay by late stage 9, particularly in midlateral regions (Figures 7A and 7B) and along the ventral midline. This derm (Thuringer and Bienz, 1993; Yu et al., 1996) , dis-(B) Full-length dTCF (amino acids 1-759), dTCF⌬nt (amino acids 32-759), full-length XTcf-3 (amino acids 1-559), and XTcf-3⌬nt rupting the secondary midgut constriction (Panganiban (amino acids 32-559) fused to the LexA DNA-binding domain in Hursh et al., 1993) . Indeed, Ubx expression pCK2 were tested with arm repeats 1-13 (R1-13) of Armadillo fused was not maintained in dTCF 2 , while the secondary midto the GAL4 transactivation domain in pCK4 or with pCK4 alone. gut constriction was absent ( Figures 7D and 7E ). The *XTcf-3⌬nt is the reciprocal interaction tested (amino acids 32-559 primary constriction was not affected and did not move of XTcf-3 fused to the GAL4 transactivation domain tested against R1-13 fused to the LexA DNA-binding domain or pCK2 alone.
posteriorly. This contrasted with other mutations that (C) Summary of (A). Ϫ, ratio of Ͻ2; ϩ, ratio of 2-9; ϩϩ, ratio of disrupt the secondary midgut constriction (Panganiban 10-100; ϩϩϩ, ratio of Ͼ100. Hursh et al., 1993) , indicating that the Ubx regulatory network might be only partially disrupted by dTCF 2 . were slightly narrowed ( Figure 6Q ). Figure 6K ). formation in Xenopus (Molenaar et al., 1996) . We expressed a similar N-terminal deletion mutant of dTCF
The action of arm S10 is not affected by upstream mutations in the Wingless cascade, but it should be blocked (dTCF⌬N) in flies under the control of an inducible promotor, using the GAL4-UAS system. Ubiquitous expresby alterations in proteins that act with or downstream of armadillo. When Arm S10 was expressed ubiquitously sion of dTCF⌬N in a wild-type embryo beginning late in stage 9, using either e22-GAL4 or 69B-GAL4, resulted in dTCF 1 homozygous embryos, its action indeed was largely inhibited. The double mutant embryos (Figure in a segment polarity phenotype (Figures 6L and 6M ; five of six lines tested). The severity of this phenotype 6J) were distinct from dTCF 1 homozygotes ( Figure 6G ) and from wild-type embryos expressing Arm S10 ( Figure  varied from that of a zygotic null dTCF mutation ( Figure  6L ) to that of a wingless null mutation ( Figures 6N and  6K and Table 2 ). They resembled dTCF 1 homozygotes, in that they had alternating denticles and naked cuticle, 6O). These latter embryos may reflect blockage of both maternal and zygotic dTCF function. In the most severe with portions of the lateral naked cuticle converted to denticles. However, they often had regions of naked transgenics, the denticle belts were also narrowed in the dorsal-ventral axis. Ubiquitous expression of dTCF⌬N, cuticle intruding into the normal denticle belt at the ventral midline. We also generated animals expressing using either e22-GAL4 (data not shown) or 69B-GAL4 ( Figure 7C ), resulted in a decay of the stripes of engrailed arm S10 in dTCF 2 and dTCF 3 mutant backgrounds. These animals were indistinguishable in phenotype from the expression during late stage 9, in particular in the most . Embryos expressing Arm S10 secrete nearly completely naked cuticle (K), with only a few remaining denticles (arrow). arm S10 ;dTCF 1 (J), with ectopic denticles laterally (arrow) but naked cuticle along the ventral midline (arrowheads). dTCF single mutants (Table 2 ; note increased numbers of animals with a lawn of denticles), confirming that dTCF mutations block the action of arm S10 .
Discussion
The current study demonstrates that dTCF functions directly downstream of armadillo in the establishment of segment polarity and provides a molecular mechanism for gene control by Wingless signaling. The role of dTCF that emerges from this study is consistent with the proposed role of XTcf-3 in axis specification in Xenopus. It thus appears that yet another component is conserved between the Wingless and Wnt signaling pathways.
We can integrate these data into our current picture of Wingless signal transduction (Orsulic and Peifer, 1996b) . In the absence of extracellular Wingless, Armadillo accumulates in adherens junctions complexed to cadherins. Levels of uncomplexed, cytoplasmic Armadillo remain low due to its short half-life (Peifer et al., 1994b; van Leeuwen et al., 1994) . It is thought that the serine/threonine kinase zeste-white 3 (Peifer et al. 1994b; Siegfried et al., 1994) and possibly a Drosophila homolog of the tumor suppressor adenomatous polyposis coli (Rubinfeld et al., 1996) actively promote Armadillo degradation. The interaction of Wingless with its receptors, members of the Frizzled family (Bhanot et al., 1996) , activate the cytoplasmic protein Dishevelled (Yanagawa et al., 1995) . This shuts down Armadillo degradation, possibly by way of effects on zeste-white 3 (Cook et al., 1996) . Armadillo then accumulates in the cytoplasm and nucleus (Orsulic and Peifer, 1996a) and can bind to dTCF. Thus, an active transcription factor is assembled from two partners: dTCF mediates DNA 1988; Martinez-Arias et al., 1988) and Ubx in the developing midgut (Bienz, 1994) are target genes of the Wingless cascade. A Wingless response element with an essential TCF/LEF binding motif has recently been idendata). Numerous Wnt genes have been identified (Parr and McMahon, 1994) . Also, multiple homologs of the tified in the Ubx promoter (Riese et al., 1997 [ 
this issue of Cell]). A fragment of the engrailed enhancer acting
Wingless receptor Frizzled-2 (Bhanot et al., 1996) exist in vertebrates (Wang et al., 1996) . It is likely that the as a Wingless response element contains a consensus dTCF binding site (Florence et al., 1997) . Consistent with principles of Wingless signaling as outlined here will apply to a large number of cell fate choices in metazoan our model, mutations in dTCF block maintenance of engrailed and of Ubx visceral mesoderm expression.
development. The similarity of the C. elegans mesoderm-specifier pop-1 with dTCF is tantalizing. Like dTCF The mammalian genome harbors at least four different TCF genes, each with unique expression patterns (Oostand XTcf-3, pop-1 is maternally and ubiquitously expressed. pop-1 specifies the fate of the MS blastomere erwegel et al., 1993; V. Korinek and H. C., unpublished GTGAAGCTTGA(N)18GGGATTCGGATCCGC GGTAAC, followed by at the eight-cell stage (Lin et al., 1995 These assays were performed essentially as described (Pai et al., 1996) . pCK2 (encoding fusions to the LexA DNA-binding domain), Experimental Procedures pCK4 (encoding fusions to the activation domain of GAL4), and their Armadillo derivatives (Pai et al., 1996) were used. The indicated Cloning of dTCF dTCF and XTcf-3 fragments were cloned into pCK2 or pCK4. Yeast A genomic fragment encoding the HMG box region of dTCF was strain L40 was transformed and double-selected on Trp Ϫ , Leu Ϫ cloned by PCR using degenerate primers, as described elsewhere plates. Activation of the His reporter was assayed on Trp (Molenaar et al., 1996) . Several mixed-stage embryo cDNA libraries His Ϫ plates supplemented with 3-aminotriazole. Liquid ␤-galactosiwere screened with this fragment. Positive clones in pBluescriptSK dase assays were carried as described (Pai et al., 1996) . Assays were were sequenced. Genomic sequences were cloned from an EMBL-3 performed on at least six independent transformants in duplicate for library according to standard procedures.
each Armadillo/TCF pair.
Fly Stocks, Rescue Constructs, and Phenotypic Analysis Cat Assays and Luciferase Assays The wild-type stock was Canton S. ci D , ci Ce and l(4)13a (Orenic et Described in detail elsewhere (van de Wetering et al., 1991) . In short, al., 1987; Locke and Tartoff, 1994) ; arm S6 and arm XM19 (Peifer and 2 ϫ 10 6 IIAI.6 B cells were transfected by electroporation with a Wieschaus, 1990; Orsulic and Peifer, 1996a) ; and arm TD (Peifer and total of 7 g of the various combinations of plasmids: 1 g of CAT Wieschaus, 1990) . wg IG22 (Lindsley and Zimm, 1992) . arm S10 (Pai et reporter plasmid; 2 g of TCF factor expression vectors; 4 g of al., submitted) is under the control of the GAL4-UAS (Brand and ␤-catenin/Armadillo expression vector, and empty pCDNA vector Perrimon, 1993) and driven by the ubiquitously expressed GAL4 as stuffer. CAT vectors were (pTK(56)7 and pTK(56Sac)7 (van de line e22c. The GAL4-regulated dTCF and dTCF⌬N transgenes were Wetering et al., 1991) . cDNAs encoding tagged versions of created by cloning dTCF or an N-terminal 31-amino acid deletion ␤-catenin, Armadillo, dTCF, hTCF-1, hLEF-1, and XTcf-3 were inthereof into the pUAST vector (Brand and Perrimon, 1993; details serted into the mammalian expression vector pCDNA. After 48 hr, available on request). dTCF rescue constructs, called P [wϩ, CAT values were determined as pristane/xylene-extractable radiohsdTCFϩ], were generated by inserting a cDNA clone encoding labeled, butyrylated chloramphenicol. An oligonucleotide containing amino acids 1-695 of dTCF into pCaSpeR-hs (Thummel et al., 1988) . three copies of the binding site (CCTTTGATC) or a mutant thereof Both GAL4-driven and rescue constructs were coinjected with (CCTTTGGCC), cloned into a blunted XbaI site of pcFos-luciferase, p25.7wc DNA into embryos prepared by standard protocols yielded pTOPFLASH (optimal motif) and pFOPFLASH (mutant motif) (Spradling, 1986 . Luciferase activity was determined on a Lumac/3M bioobtained by mobilization with the transposase source 2-3 (99B) counter. (Robertson et al., 1988) . Engrailed was detected using monoclonal anti-engrailed, as described in DiNardo et al. (1985) .
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